General Principles for Managing Chickpea and Lentil Diseases

Applications of Cultural Practices in Managing Chickpea and Lentil Diseases
Cultural practices are invaluable in reducing disease losses of chickpea and lentil. A disease control program is enhanced whenever one can utilize as many methods of control as possible. Use of resistant cultivars is the key strategy for disease management, but in many cases (except in the case of Fusarium wilt) highly resistant cultivars are not readily available in every market class of chickpea and lentil. New strains of a pathogen may develop that will attack resistant cultivars or become tolerant to certain fungicides. 

Application of fungicides, either though seed treatment or foliar application, is a very effective control measure. But intensive use of fungicides, especially multiple applications in a single growing season, causes concerns for increased selection pressure for fungicide resistance, increased production costs and negative impact on the environment. Furthermore, the majority of chickpea and lentil production is in developing countries and on subsistence farms. Limited resources are available for production inputs. Integrated management strategies and practices are required to minimize crop losses due to diseases and pests. Combining cultural practices and chemical methods increases production efficiency and reduces disease losses.

In this chapter, we discuss some principles and cultural practices that can be incorporated in an integrated system for effective management of diseases in chickpea and lentil. 

Cultivar selection  

Selecting resistant or tolerant cultivars is the most important and economical means in managing diseases.  The presence and severity of any plant disease is determined by the dynamic interaction of a susceptible crop (the host), a causal agent (the pathogen), and favorable environmental conditions. Within the plant disease triangle, host resistance is one of the key components for the disease management. 

Moderately resistant chickpea cultivars normally perform well regardless of environmental conditions (Fig. 1), whereas cultivars with low level of resistance perform poorly particularly when environmental conditions are favorable for disease development. Selective use of more resistant cultivars is crucial to minimize disease in field crops.

In managing chickpea Ascochyta blight, a high level of resistance is not available in most Kabuli chickpea cultivars, largely due to lack of germplasm exhibiting a high degree of resistance. Some cultivars have moderate resistance in the seedling stage, but the resistance declines as plants grow older. Furthermore, pathogen populations evolve in response to resistant cultivars and eventually the moderately resistant cultivars become susceptible to new pathotypes of the pathogen. This is because the fungal population is highly variable and carries a wide range of genes for virulence. Since A. rabiei is a heterothallic fungus, genetic recombination can occur readily. New combinations of virulent genes may result in more virulent variants of the pathogen. 
Cultivar selection also implies using disease-free seeds to avoid transmitting seedborne pathogens from season to season and from spreading into new production areas.  Use seeds harvested from disease-free fields or from fields where disease severity is low during late crop season.  Seed testing is important to detect seedborne pathogens.  In general seeds (particularly Kabuli type chickpea seeds) should be treated to protect seeds from seed rot and damping-off pathogens (Fig. 2).  Contaminated or infested seeds should be treated with fungicides effective against contaminating pathogens to reduce or eliminate contamination.

Crop rotation

Crop rotation means a planned sequence of specific crop species on the same field.  It also means the crop to be planted belongs to a different plant family than the previous crop.  Crop rotation is probably the most utilized cultural practice for disease control. Planned rotations vary from 2 to 3 years or longer periods. The rational of using crop rotation in managing diseases and pests is that some pathogens and pests are host specific or have restricted host ranges.  When the suitable host is rotated out of the field, the pathogen or pests will decrease in population to a level below economical threshold due to lack of suitable host or food. One should not expect rotation to eliminate disease development, but it certainly aids in reducing damage from most diseases.  Proper crop rotation not only helps managing diseases and pests, but it also helps manage weeds, especially when chickpea and lentil are rotated with cereals.  Such a rotation facilitates selection and application of herbicides.  In addition, crop rotation in general helps prevents soil depletion, improves or maintains soil fertility, and reduces soil erosion.

The efficacy of crop rotation to control plant diseases depends on many factors; most important of which is the nature of the pathogen to be controlled.  Pathogens that do not survive long in the absence of host plants are best controlled; pathogens that have a wide host range, include more than one crop species in the rotation, survive as long-lived resting structures in the soil and are distributed long distances by wind are poor candidates for control through crop rotation.
The cultivation of lentil and chickpea has allowed producers in northern Great Plains of North America to increase the frequency of broadleaf crops in rotation with the aim of increasing economic returns.  Producers are encouraged to follow a multi-year, multi-crop rotation, with any single crop species grown on the same field usually only once every 3 or more years. In general, the required length of crop rotation is determined by the speed of residue breakdown, which varies with environment. In the warm and moist areas of the world where crop residues break down quickly, one or two years of non-host crops between chickpea can reduce the levels of stubble-borne blight inoculum significantly. In colder or drier regions where crop residue is more persistent, a longer cycle of crop rotation is needed between chickpea or lentil crops to reduce the risk of early epidemic development. A rotation study in Canada found that three intervening crops significantly reduced the severity of Ascochyta blight in a susceptible chickpea cultivar compared to one intervening crop. The pathogen was still present in the field four years after the initial chickpea crop, but the inoculum pressure declined substantially after the first two intervening crops. To reduce disease risk, at least two non-host crops are needed between crops of chickpea. However, in areas where ascospores are the major source of infection, such as in Spain, crop rotation may be of limited benefits in terms of managing blight because wind-borne ascospores provide the primary source of inoculum regardless of crop rotation.
Intercropping

Intercropping is the practice of cultivating two or more crops in the same field at the same time. While crop rotation increases crop diversity temporally, intercropping increases crop diversity spatially.  Intercrop could be practiced as mixed cropping (mixed crops planted at about the same time) or relay cropping (second crop is planted when the first crop is near maturity).  An example of mixed crop is lentil intercropped with mustard (Fig. 3).  Relay cropping is exemplified by planting (broadcasting) lentil into a maturing rice crop (Fig. 4).  

The effect of intercropping in managing diseases is apparent because if one variety of a crop is susceptible to a disease (say lentil rust), the denser the stand, the worse the disease can spread. If susceptible plants are interspaced with non-host plants that can act as a physical barrier to the disease, the susceptible variety will suffer less pathogen infection. The distance between plants of the same species is increased because other crops (belonging to a different plant family) are planted in between.

Intercropping is not commonly practiced in industrialized production systems due to the difficulty of mechanization. Usually it requires extensive manual labor.  It is feasible on small farms and in areas where manual labor is readily available.  It can play important roles in sustainable agriculture and in organic farming.  

In addition to managing plant diseases, intercropping has many other benefits, such as

improved weed control, increased efficiency of land use, resulting in potential increase for total production and farm profitability than when the same crops are produced separately, providing more than one food crop for the farm family in one cropping season.

Tillage

Tillage (plowing) has been an ancient practice in agriculture.  This practice (turning the soil before planting) not only makes the soil well suited for seed germination and initial plant growth, but also accelerates degradation of crop residues, which helps reduce pathogen populations associated with crop residues, such as Ascochyta blight.  Deep burial of crop residue helps control certain diseases by placing the organism contained in the residue at a depth where there is an oxygen deficiency. This reduces the population of the disease-causing organism and permits the crop to escape much of the damage.

Deep plowing also puts pathogen inoculum (such as sclerotia) deep into the soil layer where the inoculum is unable to germinate and grown to the soil surface. Ascochyta blight pathogens can survive as anamorphic (asexual) pycnidia and teleomorphic (sexual) pseudothecia on the infected debris lying on the soil surface. Conidia produced from these pycnidia act as primary inoculum for initiation of Ascochyta blight in new crops locally, whereas the teleomorph develops on infected chickpea debris remaining in the field, producing ascospores for long distance spread of the disease. Therefore, the use of tillage to manage crop residue will minimize the likelihood of the epidemics of the disease in chickpea and lentil. 

Preparing soil in raised beds for planting is helpful in preventing certain diseases such as seed rot, damping-off, and other soilborne diseases. This practice is especially advisable in poorly drained soil and when furrow irrigation is used. 

Tillage has become less popular in industrialized nations because it causes or is associated with soil erosion, and increased energy input.  Nevertheless it is still commonly practiced in many developing countries and in some areas where soil erosion is not a major concern.  However, it should be pointed out that in production regions where the winter is extremely cold, plowing may actually help preserve crop residues in soil and pathogen inoculum becomes available when the residues are brought up to soil surface during planting.

Soil solarization

Soil solarization is a non-chemical method for managing many soilborne pathogens, pests and weeds.  This technique utilizes radiant heat from the sun, causing physical, chemical and biological changes in the soil.  Polyethylene plastic film is applied to the surface of moist soil during summer months usually in the hottest time of the year.  The soil temperature is increased to a lethal or semi-lethal level for soilborne plant pathogens, nematodes, and weed seeds and parasitic plant seeds.  The solarization process also increases availability of nutrients to plants.

Soil to be treated should be thoroughly cultivated and leveled, and free of weeds, plants and large soil clods, and must be moist.  Moisture not only makes organisms more sensitive to heat, but also conducts heat faster and deeper into the soil layer.  The treatment usually takes 4 to 6 weeks. Soil solarization is effective only in areas where temperature in the summer is high and it requires that the field be in fallow during the summer months. A major limitation of soil solarization is cost of the plastic film and application.  It is usually not practical or economical to use soil solarization solely for chickpea or lentil production.  It may be possible to grow a second crop in solarized field as rotation with high-valued crops.  It could also be feasible in small production scale or in experimental fields where chickpea or lentil have to be repeatedly grown.

Seeding rate and crop architecture

Seeding rate (plant density) can impact disease risk because a high plant density often results in a dense, less open plant canopy, which may lower air movement, decrease moisture evaporation, and increase shading within the canopy. These conditions are often conducive to disease development. Row spacing and seeding rates change the proximity of individual plants, which influences the movement of pathogens from plant to plant. Chickpea grown in wider rows had less disease (Ascochyta blight) than when grown in narrower rows. Narrower rows with heavier canopies also result in higher levels of damage by Sclerotinia stem rot or Botrytis grey mold. However, evidence has shown that high plant populations of chickpea and lentil are essential for achieving high yield.  First, plant populations are not as critical as environment conditions for Ascochyta blight severity.  Second, chickpea and lentil plants grow slowly during the seedling growth period when soil water losses through evaporation can be substantial. Increasing plant population may help reduce early season evaporation due to fast ground cover. Third, pulse plants at a high population density intercept more light, produce more biomass, and remobilize more photosynthates to the seed during the reproductive growth period compared to plants grown at lower density. Finally, chickpea and lentil are relatively weak competitors with weeds, and these crops at low plant populations often have a reduced yield potential due to heavy weed infestation. 
Screening of chickpea germplasm showed that Desi type chickpea contains more disease and pest resistance sources than does Kabuli type chickpea.  Research has gradually introgressed many of the resistance sources from Desi type into Kabuli type chickpeas.  However, there is controversy about relationship of leaf type and disease resistance.  No genetic linkage is known between leaf type (compound or unifoliate) and resistance to diseases and pests, despite some reports stating relationship of compound leaf type with disease resistance based on limited number of cultivars tested.  For resistance to Ascochyta blight, both the most susceptible and the highly resistant cultivars are found in the same compound leaf type, while cultivars with unifoliate leaf type are usually susceptible or moderately resistant to Ascochyta blight.  Studies on effect of leaf type on diseases are often confounded by different genetic backgrounds in addition to the alleles controlling leaf type.  Near-isogenic lines of different leaf types are needed to address the effect of leaf type on disease resistance. More research is needed to understand the effect of plant morphology on disease severity in chickpea and lentil in general.  

The structure of crop canopy may affect micro-environmental conditions under the canopy, such as relative humidity, leaf wetness, plant temperatures, air flow within a crop canopy, which in turn impacts the survival of the pathogen, the production of spores, and release of conidia from infected debris. Agronomic management seeks strategic channels with which the micro-environments become less favorable to the pathogen. Often, the micro-environmental conditions may be altered with planting time, seeding rate, and fertility management, among others.

Other Cultural Practices

Other cultural practices that may also be implemented include the following:

Planting time has an important bearing on managing certain disease of chickpea and lentil.  For example, delayed planting of chickpea in the spring may reduce the overlap time between seedling stage and ascospore release of Ascochyta rabiei, reducing the initial inoculum source. Conversely early planting of winter chickpea may help the crop escape summer high temperature that is conducive to Fusarium wilt.

Removal of weeds and volunteer plants will help managing diseases because weeds and volunteer plants are often means of carrying a disease organism from one crop season to the next.  Removal of diseased plants as they appear may also be an effective method in helping reduce the spread of certain virus diseases of lentil. 

Although burning of crop residues has been discouraged or even banned in certain areas because of destruction of valuable organic matter and creation of an air pollution problem, it is a highly effective means of reducing pathogen inoculum associated with crop residues.
 Soil pH can be adjusted using lime.  Soil pH may play important roles in some soilborne diseases.  Application of lime can raise soil pH.  It is known that Fusarium wilt of several crops including chickpea has higher disease severity at lower pH (<6.5) than at higher pH (>7).  The effect of pH on the disease is due to complex interactions in the soil environment rather than just its effect on the pathogen.
Proper use of fertilizer or its use from a previous crop may also affect development of certain diseases. It differs with each disease but, in general, nitrogen out of balance with other nutrients enhances foliage disease development and predisposes plants to certain diseases. Potash, on the other hand, helps reduce disease development when it is in balance with other elements.

Summary
These cultural control practices have been found to be economically feasible in reducing disease losses. However, not all of the cultural practices are practical in all production areas.  Some are more pertinent to small farm operations where manual labor is readily available.  Some are effective against only certain diseases.  Growers should properly identify the diseases that limit production and then use a variety of control measures in combination targeting the important diseases.  Many of the cultural practices help managing not only diseases, but also insects and weeds, plus providing other agronomical benefits.
Damage caused by diseases in chickpea and lentil can be minimized by use of moderately resistant cultivars integrated with strategic cultural practices. Highly resistant cultivars or cultivars with resistance to several diseases are not yet available in every production region.  Breeding efforts may be able to pyramid resistant genes from various sources into cultivars and will eventually result in greater resistance. In the interim, it is essential to integrate all available cultural practices into a management package to manage diseases. The use of seed free of contaminating pathogens will reduce the probability of transmitting seedborne disease to the seedlings. Seed for commercial production in chickpea and lentil should be tested for presence of pathogens, and then treated with effective fungicides. Crop rotation should be considered as a key strategy for disease management in chickpea and lentil, and the length of the rotation can vary depending on environmental conditions. Generally, in warm and moist areas one to two years of non-host crops between annual pulse crops are required to reduce the levels of stubble-borne inoculum to manageable levels, while in cold climates, a break of three to four years between chickpea or lentil is required. The disease pressure in chickpea and lentil can also be minimized by adjusting sowing date, optimizing plant density, and balanced nutrition. Foliar applications of fungicides effective against foliar diseases are still required for reliable production of chickpea and lentil.  In fact, fungicide application is a critical component of managing Ascochyta blight, particularly in industrialized countries (Fig. 5).  Most of the fungicides with known efficacy are preventive, and therefore, prophylactic sprays should be applied before the occurrence of infections in short-season producing areas. In humid production areas, several applications of fungicides may be required for season-long protection. Recent research shows that the application of foliar fungicides at seedling stages is crucial in minimizing the impact of intense showers on disease spread in chickpea. Alternating different classes of fungicides must be considered as a routine practice when multiple applications of fungicides are required during a growing season to prevent and manage fungicide resistance.
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Fig. 1. Chickpea cultivars showing various degrees of resistance to ascochyta blight caused by Ascochyta rabiei.  (Courtesy Y. Gan)
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Fig. 2. Chemical seed treatment is important in protecting seeds from seed rot and damping off.  Treated seeds are usually brightly colored to prevent accidental use of treated seeds in foodstuff. (Courtesy W. Chen)
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Fig. 3. Lentil intercropping with mustard.  Lentils are being manually harvested.  (Courtesy W. Chen)
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Fig. 4. Lentil relay-cropping with rice as a second crop.  Rice stubble is visible.  (Courtesy W. Chen)
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Fig. 5. Timely application of fungicide is critical in managing Ascochyta blight of chickpea. (Courtesy W. Chen)

Applications of epidemiology in managing chickpea and lentil diseases: A case study of Ascochyta blights 

Plant disease epidemiology is the study of development of plant diseases in time and space. The presence and severity of any plant disease is determined by the dynamic interaction of a susceptible crop (the host), a causal agent (the pathogen), and favorable environmental conditions. An understanding of the pathosystem and the interrelationship between the host, the pathogen and the environment is essential for disease management. Epidemiological studies identify the elements of the dynamic interactions to device control strategies. The life cycles of chickpea and lentil pathogens comprise several stages that are affected by the environment. Epidemiological studies enable identification of the vulnerable stages and the key environmental factors that affect them, and the information they yield forms the basis for developing reliable and cost-effective management strategies. Taking chickpea and lentil ascochyta blights as examples, this chapter summarizes the environmental factors that affect the components of the disease cycle, identifies the key factors, and demonstrates the significance of epidemiological studies in developing effective disease management strategies. Finally, the contribution of epidemiological knowledge to the development of decision support systems is discussed.  

Ascochyta blights, caused by Ascochyta rabiei (teleomorph Didymella rabiei) and A. lentis (teleomorph D. lentis), are the most important foliar diseases of chickpea and lentil, respectively. The pathogens survive on infected crop residues as anamorphic (asexual) pycnidia containing conidia and/or teleomorphic (sexual) pseudothecia with ascospores. Conidia are spread by rain splash; ascospores by both rain and wind. Following primary infection, symptoms develop on all aerial parts of the plant and consist of necrotic lesions, in the center of which numerous pycnidia are formed. Conidia spread by splashing rain and serve as secondary inoculum.  
Suppression of Ascochyta blight is essential to ensure profitable and stable chickpea and lentil yields. Management practices rely firstly on minimizing the onset of disease epidemics by reducing or excluding primary inoculum, and secondly by suppressing subsequent spread of an epidemic. Cultural practices such as planting disease-free seed, crop rotation with non-host crops, and destruction of infected stubble are important in reducing the likelihood of severe epidemics. Resistant cultivars, drip irrigation (wherever irrigation is used), and application of foliar fungicides may also be used for disease suppression. Nevertheless, adequate and cost-effective management of Ascochyta blight still presents a challenge. Chickpea and lentil are relatively extensive crops, and repeated application of fungicides is costly and often not profitable.  Furthermore, the efficacy of fungicides is variable, and since high levels of resistance are not always available susceptible (or partially resistant) cultivars are widely used. Under these circumstances, disease management should be based on integration of control measures, rather than on application of a single measure. Construction of an integrated management strategy should be based on the factors governing disease development in time and space.

Use of epidemiological knowledge to reduce primary infections

Preventing spread of the disease from adjacent fields:  Spatial distribution of Ascochyta blight in lentil fields is not uniform; disease was often more severe close to the edge of the fields and leveled off with increasing distance from the edge. Often, crop residues from adjacent fields serve as source of primary inoculum. Splash was found to be an effective mechanism for dispersing conidia of Ascochyta pathogens. In still air, less than half of the dispersed A. lentis conidia reached a distance of more than 15 cm from the source, and few spores were collected at distances greater than 70 cm. However, with wind speeds of 2.5 to 5 m/s, conidia in splash droplets were dispersed over great distances. Furthermore, infected leaflets were shed from the plants and blown downwind, and the number of blown leaflets increased with increasing wind speed. Crop residues blown into adjacent fields during harvest or between the post-harvest and pre-planting periods, may also be an important means of short- to medium-distance dispersal (meters to kilometers).

The environmental factors governing Ascochyta spread from adjacent fields are rain and wind (Fig. 1). Management practices for preventing this spread are: First, avoid planting new crops in close proximity to previous chickpea or lentil fields; Second, use fallow or non-host crops and apply fungicide treatments on the edge of the fields to minimize the horizontal spread of the pathogens. This approach is especially valuable when a susceptible crop is to be grown immediately adjacent to residues from the previous year's crop. In fields used for seed production, to minimize seed infection, the crop at the edge of the field can be harvested separately from the rest.

Controlling infections from diseased seeds: Ascochyta pathogens are seedborne, and infected seeds are important source of inoculum for long-distance spread. Primary infections that originate from conidia occur when seeds derived from Ascochyta blight-affected crops are used. In such cases, disease is observed on basal parts of the plants, soon after emergence (See seed pathology). The spread of the pathogen from infected seed to seedlings is non-systemic, and depends on contact between the emerging growing plant and lesions on the seed coat or cotyledons. Primary infections that originate from infected seedlings occasionally result in distinct foci randomly scattered about the field, with plants in the center of each focus being more severely diseased than those at its margins. Contaminated or infected seeds are important sources for spreading the disease into new production areas.

A simulation model showed that for susceptible cultivars, attempts to reduce the incidence of primary (seed) infections (e.g., by seed dressing) is inadequate, as an 80% reduction in the incidence of primary infection (from 1 to 0.2%) still allows substantial disease development (affecting 32% of the area) and considerable yield reduction (by 20%) by the end of the season. Accordingly, production of seeds from disease-free fields is a critical requirement for using highly susceptible cultivars. On the other hand, for moderately resistant cultivars, reducing the incidence of primary infection from 1 to 0.2% would reduce the diseased area to 10% and the yield loss to 1%. Use of seed treatment for eradication purposes on highly resistant cultivars may be unnecessary or uneconomical because, even if the incidence of primary infection was 1%, only a small proportion (9%) of the area would be affected and yield loss would be negligible (0.7%). It should be noted that these results reflect the specific values assigned to each of the parameters in the simulation experiments; they do not represent actual field results. Nevertheless, they provide approximate estimates of the contribution of seed treatment to reduction of disease severity and yield losses.

Preventing infections from ascospores: The teleomorph stages of Ascochyta in chickpea (D. rabiei) and lentil (D. lentis) have been identified. However, whereas the significance of D. rabiei in disease development was demonstrated in numerous countries, the epidemiological role of the teleomorph stage of D. lentis is unknown. For D. rabiei, pseudothecia maturation typically peaks at the beginning of spring in line with the emergence of new crops; ascospore release decreases drastically or stops altogether by the beginning of summer. After exhaustion of the pseudothecia, no more ascospores are produced, and the pseudothecial walls degenerate. The ascospores are dispersed over long distances by the wind and, as a considerable number of pseudothecia may be formed on infested debris, a great number of ascospores may be discharged into the air. Under environmental conditions conducive to the pathogen, a healthy field may become severely diseased over a short period of time following ascospore discharge. Adequate disease management can be achieved by application of prophylactic sprays, or by initiating spraying when the disease is still at a low level. Thus, combating the primary infections originating from airborne ascospores is the key to acceptable, season-long disease suppression wherever the teleomorph stage plays a significant role in D. rabiei epidemiology. As the time of disease onset varies from year to year and in different environments, a tool for predicting the time of pseudothecia maturation and ascospore discharge is needed, and development of such a tool requires quantitative knowledge of the factors affecting pseudothecia formation and maturation, and ascospore dicsharge. 

Models are developed to predict pseudothecial development and ascospore release. Forty empirical models reflecting the influence of temperature and interrupted wetness on maturation of D. rabiei pseudothecia were developed in Israel. As wetness is often provided by rain, this was the factor used in the models. The models were verified by using data recorded in chickpea fields in Israel in 1998. Seven of the models were then validated with data recorded in 1999 and 2000. The following model provided the best predictions: starting at the beginning of the rainy season (October to December), the predictor of the model was assigned one severity value unit when there was a rain event (1 day or more) with >10 mm of rain, with a daily average temperature (during the rainy days) of <15(C. According to the model, pseudothecia mature after accumulation of six severity units, and ascospores will be discharged during the following rain event (> 2 mm). The model provided accurate negative predictions (i.e., that pseudothecia would not mature and ascospores would not be discharged) in four out of four tested cases, and accurate positive prediction (i.e., that pseudothecia would mature and ascospores would be discharged at a particular time) in six out of eight tested cases. In light of these results, chickpea growers in Israel are advised to initiate fungicidal spraying of susceptible cultivars after the accumulation of six rain events, in accordance with the empirical criteria listed above. The model has been used commercially since 2001, with appreciable success. 

Use of epidemiological knowledge to reduce secondary infections

Preventing infections from conidia: One of the most effective means of suppressing polycyclic pathogens is the use of fungicides. Indeed, chemical management of Ascochyta diseases was attempted in many places of the world, with generally variable results. Whereas excellent disease suppression was reported by some authors, others achieved intermittent control efficacy, and in some cases disease control was inadequate. In South Australia, a strategic program for timing the fungicide was proposed, including applications at 6 weeks after sowing, at early flowering, and at early podding. This management program was tested in a series of field experiments, and the results varied. In two of the five experiments chlorothalonil was highly effective, with control efficacy ranging from 88.6 to 95.3%. However, in the other three experiments the fungicide was not as effective, and control efficacy was low, ranging from 21 to 32.1%. Determining the reasons for this inconsistency is crucial for development and implementation of reliable disease management programs. It should be noted that the management program mentioned above reflected host developmental stage only, and ignored the pathogen biology. 

Ascochyta blights are polycyclic, and secondary cycles are generally initiated by the succession of conidia released from plant tissue to tissue, or from plant to plant. Conidia of A. rabiei are released only from wet pycnidia: in moist weather, conidia of A. rabiei ooze from the pycnidia in a gelatinous matrix, and moisture is necessary to dissolve this matrix and free the spores, which then may be washed or splashed from plant to plant, or scattered in water droplets of driving rain. In dry weather the extruded conidia dry into hard masses on the lesions, to be subjected to dispersal by subsequent wetting. Splash dispersal carries conidia over short distances, but the combination of splashing rain with strong wind may spread spores over considerable distances, particularly if the conidia are contained in small droplets. Ascochyta blight infection and disease development occur in a temperature range of 5 to 30 C, with an optimum of 20 C, and 17 h of wetness is essential to promote severe infections. Germination of conidia, and germ-tube penetration increased linearly with increasing duration of wetness, but disease severity approached an asymptote after about 18 h of wetness. Dry periods (6 to 48 h) immediately after inoculation sometimes increased disease severity; however, dry periods (> 12 h) after an initial wetting period of 6 h usually had an adverse effect on disease development. Little infection developed in the absence of leaf wetness, even when the RH was 98%, and no infection developed when RH was < 95%. Disease severity increased with increasing periods of darkness after inoculation. 
It is obvious that once the pathogen appears in the crop the environmental factor that governs the occurrence and severity of the resultant epidemics is rain (Fig. 1). Data recorded in the field experiments in South Australia were reanalyzed, taking into account the time of spraying in relation to the occurrence of rain events. The analysis clarified most of the causes of the inconsistent efficacy of disease suppression. Adequate suppression of Ascochyta blight occurred when the fungicides were applied at times that enabled them to protect the plants from infections that occurred during the rain events. Whenever the plants were not protected during rain, disease suppression was insufficient and control efficacy was low. There is a direct relationship between control efficacy and the amount of rain. 

Another factor that governs the epidemic is the level of resistance exhibited by the cultivar used. It is logical to assume that a given number of dispersed spores would result in a more severe disease in a susceptible cultivar than in a highly resistant one. Thus, both the level of host resistance and the quantity of rain should be taken into account in deciding whether to spray. One way to integrate these two control criteria is to define a rain-quantity threshold for each range of host resistance level. A threshold of 5 mm of rain was used for application of sprays to highly susceptible cultivars; similarly, thresholds of 10 and 20 mm were used for moderately susceptible and moderately resistant cultivars, respectively. Spraying of highly resistant cultivars is not needed at all. These criteria were examined in field experiments in Israel and found to be accurate; they are currently used by Israeli growers to time fungicide applications for suppression of Ascochyta blight in chickpea.

Preventing pathogen establishment: Protectant fungicides are effective only if applied before the occurrence of infection (i.e., rain events). Prophylactic application of protective fungicides is uneconomical in most chickpea production areas, because of the long period during which protection is needed, and the consequently multiple sprays. Some systemic fungicides are also effective against Ascochyta blight. These fungicides penetrate the host tissue and exhibit post-infection properties that enable them to be applied after the onset of infection. Post-infection application of systemic fungicides may facilitate flexibility in management and restrict fungicide applications to real infection events rather than to anticipated events, as occurs with protective fungicides.


Temperature and moisture regimes after the infection period affected disease development and symptom expression. At constant temperatures, the optimum temperature for disease development was about 20(C. The lower and upper limits for disease development were < 5(C and about 30(C, respectively. The optimum temperature for mycelial growth, pycnidial formation, and spore germination is about 20(C, with lower and upper limits around 0 to 5(C and 30 to 32(C, respectively. Under optimal temperature and leaf wetness conditions, the incubation period for A. lentis and A. rabiei was 5 to 7 days. In lentil, temperature had a little effect on lesion size and number of pycnidia per lesion, but infection frequency was higher at 10 and 15(C than at 25(C.

The environmental factors mentioned above affect pathogen establishment and lesion formation, but none of them governs these processes (Fig. 1). Studies on efficacy of systemic, curative fungicides (e.g., difenoconazole, tebuconazole and azoxystrobin) showed that the duration of the post-infection activity of these fungicides was up to 3 days, and application of these fungicides enabled Ascochyta blight to be suppressed as effectively as by regular application of sprays. Use of these systemic fungicides enabled the number of sprays to be reduced by about 40% compared with the regular schedule treatment (2.7 vs. 4.3 sprays). Taking host resistance into account might enable further reduction in fungicide use.

Summary
The interaction between pathogen and host plant under fluctuating environmental conditions is complex, as illustrated with the Ascochyta blight pathosystem. Nevertheless, thorough understanding of this complex system, and quantitative information on the interactions between the key factors are required for the development of reliable strategies for disease management. In many pathosystems the factors governing the occurrence of epidemics are known or nearly so. However, as the biological systems are complex, interpretation of this knowledge, and development of effective disease management strategies are difficult. Growers need assistance in using existing knowledge in their decision-making procedure. Decision support systems (DSSs) are the tools by which complex knowledge can be formulated in a 'user friendly' way. In this chapter specific examples were given, to demonstrate how epidemiological studies assisted in identifying the vulnerable stages in the disease cycle and in directing the management efforts towards these stages. Taken as a whole, the data presented in Fig. 1 could be the basis for developing a comprehensive DSS for management of Ascochyta blight of chickpea, lentil, and also of other pulse crops. Components of this system include management of the primary inoculum of the anamorph and teleomorph stages of the pathogens, and preventing the secondary cycles of the anamorph stage (Fig. 1). Not all the indicated components are necessarily applicable in all pathosystems or all countries; nevertheless, they may be used as a general framework. 

These concepts were implemented over the last 25 years in Israel. Ascochyta blight was the most important yield constraint in the 1980s. Since then, production practices changed markedly, mainly in response to Ascochyta blight. Growers now use cultivars that are moderately susceptible or moderately resistant to A. rabiei; the irrigation system has switched from overhead to drip irrigation (> 70% of the chickpea production area in Israel is irrigated); seeds are produced in disease-free fields; growers use a forecasting model for timing fungicide applications to protect the crop from primary infections by ascospores, and apply systemic fungicide as a post-infection treatment according to the rain-quantity thresholds mentioned above. Implementation of all these measures enables growers to cope adequately with Ascochyta blight. In the last 25 years the chickpea production area has tripled; current yields average 3.5 t/ha, and yields of 5 t/ha (and more) are not uncommon in irrigated crops. These achievements demonstrate the significant contribution of epidemiological research to disease management.    
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Figure
Figure 1. A. Effects of environmental factors on stages in the life cycle of Didymella rabiei and D. lentis, the causal agents of ascochyta blight in chickpea and lentil, respectively. Factors marked in bold are those governing the specific stage in the life cycle of the pathogens. B. The vulnerable stages in the life cycle, and control measures that can be used for disease suppression.  
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Applications of population genetics in managing chickpea and lentil diseases: A case study of Ascochyta spp.
Population genetics is the study of genes in populations of a species.  The genetics of populations are traditionally studied by enumerating frequencies of different alleles at genetic loci in a population sample. These allele frequencies can then be used to make inferences about the mating system, population structure and evolution of the organism of interest.  Specifically, population geneticists are interested in making inferences about evolutionary forces acting on populations and to determine which force or combination of forces has contributed to the genetic structure of the population under study.  For plant-pathogenic fungi, including pathogens of chickpea and lentil, the major evolutionary forces of interest include selection by the host, selection by fungicide applications or other disease management strategies, genetic drift and genetic bottlenecks due to changes in pathogen population sizes and pathogen introductions, and recombination due to mating system.  Knowledge of which of these forces is acting on a pathogen population can be used to improve disease management strategies including predicting shifts in pathogen populations, guiding resistance breeding efforts and improving gene deployment strategies.

Population structure analyses of plant-pathogenic fungi have often revealed substantial genetic diversity distributed on a very local scale.  In addition, population structure studies have often revealed little differentiation among pathogen populations on national, continental or worldwide scales. This result may not be surprising if we consider the extent to which pathogens have been moved around the globe due to human activity and the sometimes highly mobile propagules they produce. This extensive migration of plant pathogens, generally in association with plants by humans, has resulted in globally distributed pathogens, often with little genetic differentiation among geographic locations. Another important aspect of pathogen population structure is the mating system. Mating system can influence population structure in several ways including altering the way that alleles at different genetic loci are organized and potentially allowing greater adaptation to a particular environment. Second, developmental form of many plant-pathogenic fungi (anamorph versus teleomorph) is often correlated to a specific spore type.  If the spore types have different dispersal mechanisms, this can have significant epidemiological implications.

Population structure can be estimated in various ways but some of the more commonly used diversity estimates are genetic diversity and genotypic diversity.  The former estimates the diversity at a single genetic locus or provides a summary diversity statistic across multiple loci.  Genetic diversity can vary considerably among marker systems and it is generally difficult to compare genetic diversity measures across marker systems and across different sampling scales.  The latter measures the diversity of genotypes in a population which can be as simple as simply counting the number of genotypes found in a population to more sophisticated statistics including considerations of genotypic richness and evenness.  By comparing genetic to genotypic diversity within a population we can estimate the mating system.  On average, populations that are reproducing sexually and recombining their genomes have higher genotypic diversities compared to populations reproducing clonally.  Comparisons of the distributions of variances in heterozygous loci and/or the lengths of parsimony phylogenetic trees can be used to test the deviation of pathogen populations from expectations of random mating.

Several types of genetic markers have been used to estimate population structure including RFLP, AFLP, and microsatellites (SSR).  These are generally assumed to be selectively neutral markers and are not expected to be closely linked to traits under selection.  This is both an advantage and a disadvantage as these markers allow us to make population inferences without the confounding effects of selection but also are not expected to reflect genetic variation in ecological characters of interest such as pathogen virulence, host range etc. Some good examples of characters putatively under selection are virulence, host specificity, and fungicide resistance.  To study the population biology of these characters, they must either be studied directly employing quantitative (ecological) genetics approaches or we must identify closely linked molecular markers through saturation of the genome and genetic mapping.  Molecular marker sets such as RFLP, AFLP, RAPD, SSR etc. developed for population genetics studies have great promise to address epidemiological questions in plant pathology. However, to date, the fields of epidemiology and population genetics have remained largely independent activities within plant pathology and relatively few examples of the use of molecular markers to address epidemiological questions exist.

Diseases of Chickpea and Lentil

The two most important diseases of chickpea worldwide are Ascochyta blight, caused by Ascochyta rabiei (Pass.) Labrousse (teleomorph: Didymella rabiei (Kovachevski) v. Arx), and Fusarium wilt caused by Fusarium oxysporum Schlectend.:Fr. f.sp. ciceris (Padwick) Matuo & K. Sato. Both of these diseases can be devastating under the appropriate environmental conditions and are responsible for consistent reductions in chickpea yields in affected areas. The most economically important fungal diseases of lentil worldwide are Ascochyta blight, caused by A. lentis Vassilevsky (teleomorph: Didymella lentis Kaiser, Wang and Rogers, Fusarium wilt caused by Fusarium oxysporum Schlectend.:Fr f. sp. lentis (Vasudeva & Srinavasan) Gordon, and rust caused by Uromyces fabae (Pers.) de Bary. Several other fungal diseases such as anthracnose, Stemphylium blight, and Botrytis blight can be economically significant on lentil in certain geographic regions.  Of the pathosystems mentioned above, the vast majority of scientific research has focused on A. rabiei and population genetic studies have been largely restricted to this fungus.  Therefore, this review of the population biology and genetics of cool season legume pathogens is focused on A. rabiei.  Broad similarities in biology and epidemiology are thought to exist among Ascochyta diseases of legumes which suggests that much of the information generated from the A.rabiei/chickpea interaction may be relevant to Ascochyta diseases of other legumes.  However, this assumption has not been critically tested to date and it is possible that significant differences exist between pathosystems.  Recent phylogenetic data has indicated that A. rabiei is genetically distinct from A. lentis, A. fabae (faba bean pathogen), and A. pisi (pea pathogen), so it is conceivable that differences in environmental requirements for infection, pathogen biology and reproductive modes may exist.  This review will summarize our current knowledge of population genetics of the A. rabiei/chickpea pathosystem.  It is hoped that some of this information may be either directly transferable to Ascochyta diseases of other cool season food legumes or that the approaches and questions applied with A. rabiei may also be used with other pathogens of chickpea and lentil. 

Molecular tools for population studies of Ascochyta spp.

The development of a robust set of molecular tools for A. rabiei has greatly facilitated population genetic studies of this fungus. The markers developed for A. rabiei include a set of 20 sequence-tagged microsatellite loci which were developed by constructing a genomic library of A. rabiei and screening this library for microsatellite motifs.  In addition to the 20 published loci, sequences of an additional 10 are available in the NCBI GenBank.  Some of the published loci have been genetically characterized and demonstrated to be genetically unlinked.  Further, the microsatellite loci were demonstrated to be unlinked to the mating locus. A. rabiei displays a typical heterothallic mating system in the laboratory controlled by a biallelic mating type locus.  This locus has similar genetic organization to that of other heterothallic loculoascomycete fungi  including A. lentis, A. fabae, and A. pisi.  Cloning and characterization of the mating locus from A. rabiei and A. lentis has allowed the development of multiplex PCR assay for mating type.  This assay has enabled rapid and easy identification of mating types within population samples of most of the economically important Ascochyta species.  The combined use of microsatellite markers and the mating type marker has allowed inferences to be made concerning the structure of A. rabiei populations in the USA, Tunisia and Australia.

Population structure of Ascochyta rabiei in US Pacific Northwest and Canada


Ascochyta rabiei was introduced to Canada prior to 1974 and to the US Pacific Northwest (PNW) before 1983. Both of these introductions were likely the result of importation of chickpea seed for agronomic evaluation. Analysis of the population structure of PNW A. rabiei populations provided evidence for differentiation of pathogen populations between commercial chickpea fields and a disease screening nursery maintained by the USDA to screen chickpea germplasm for resistance to blight.  This suggests that chickpea breeding lines were not being exposed to the same pathogen populations that occurred in commercial fields.  Similarly, statistically significant differentiation was also detected between fields sown with susceptible chickpea cultivars and those sown with resistant cultivars introduced since 1992.  This result provided evidence for selection by host and indicates that resistant cultivars introduced since 1992 have resulted in a genetic change in the pathogen populations.  Another interesting finding was the discovery of two genetically distinct “populations” of A. rabiei in the PNW.  Both populations occurred in every field sampled but based on the occurrence of unique SSR alleles in only one population or the other suggests that these two populations were not recombining.  These two genetically-defined populations were not correlated to any obvious measurable phenotype such as pathotype (W. Chen and T.L. Peever, unpublished) and it is not clear how statistical tests for recombination failed to uncover these two non-recombining populations.  Additional research is required to determine the statistical power of these tests and their ability to detect populations where random mating is not complete.  In addition, the biological, epidemiological and evolutionary significance of these two genetically differentiated populations is currently not clear.  It is possible that these populations represent incipient species and that we are observing the initiation of the speciation process within A. rabiei.  Further study of the evolutionary processes allowing maintenance of these populations is needed.

Population structure of A. rabiei in Tunisia

The population structure of A. rabiei in Tunisia was estimated using microsatellite and mating type markers as well as a set of random amplified polymorphic DNA (RAPD) markers.  Highly significant genetic differentiation was detected among populations sampled in the five major chickpea-growing regions of the country with both marker sets.  The two molecular marker sets revealed very similar values of differentiation with the RAPD markers revealing a GST of 0.33 and the microsatellite markers revealed a value of 0.28.  GST estimates of this magnitude indicate substantial differentiation among populations. The environment is conducive to pseudothecial development in all chickpea-growing regions and both mating types were detected in Tunisia.  However, mating types are not distributed evenly throughout the country.  Both mating types are present in 3 of 5 locations with only mating type 1 isolates are present in 2 locations.

Mating system of A. rabiei in the US Pacific Northwest

The sexual stage of A. rabiei, Didymella rabiei, occurs in most areas of the world where chickpeas are grown and Ascochyta blight is known.  In these areas, mating type ratios are generally not significantly different from 1:1, a result that is consistent with a random mating model. In PNW, four genetically characterized microsatellite loci in addition to the molecular marker for mating type were used to infer the population structure of the pathogen in commercial chickpea fields as well as a disease screening nursery where breeding lines are screened for resistance.  The hypothesis of random mating could not be rejected in any of the commercial fields indicating that the genome of the fungus is regularly recombined and that the sexual stage and ascospores are important components of the pathogen life cycle and are significant epidemiologically.  Corroborating this result, the sexual stage can be easily found in commercial chickpea fields and mating type ratios were not significantly different form 1:1.  In contrast to the commercial fields, the random mating hypothesis was rejected at the nursery site.  This difference is likely due to differences in the mating system between commercial chickpea fields and the nursery.  Asexual reproduction of the pathogen was enforced at the nursery site by collecting colonized debris and maintaining it indoors under dry conditions thus precluding development of the sexual stage. In contrast, the sexual stage of the pathogen occurs regularly in commercial chickpea fields in the PNW and can be identified readily on overwintered chickpea debris.  The observation of populations of A. rabiei with unlinked loci in gametic disequilibrium and the regular occurrence of the sexual stage in this area indicate that sexual reproduction likely occurs regularly.  However, this result does not appear compatible with our observation of two genetically distinct “subpopulations” within each of the fields sampled.  It is possible that enough random mating occurred within each subpopulation to give the appearance of random mating in the overall sample with the multilocus gametic disequilbrium statistics that were used.  More research on the behavior of the mating system tests under different conditions is required to resolve this question.

Mating system of A. rabiei in Tunisia

The sexual stage of A. rabiei was only discovered in Tunisia in 2000 despite a long history of chickpea cultivation and Ascochyta blight in this country. The sexual stage of the fungus is observed in all six locations indicating that environmental conditions were conducive to teleomorph development in all chickpea-growing regions of the country. Analysis of the distribution pattern of mating types within and among populations in Tunisia showed that eighty percent of 123 isolates were MAT1-1 and 20% were MAT1-2.  Further, only three of five sampled locations contained both mating types with two sites containing only MAT1-1 isolates.  Therefore, mating type ratios were highly skewed towards MAT1-1 across the country as a whole and MAT1-2 isolates showed a more restricted distribution relative to MAT1-1 within the country.  Cluster analyses based on genetic distances estimated among RAPD markers revealed that MAT1-1 and MAT1-2 isolates clustered separately.  This result suggested that regular recombination was not occurring despite the occurrence of both mating types. The lower overall frequency and restricted distribution of MAT1-2 isolates in Tunisia, coupled with lack of recombination between MAT1-1 and MAT1-2 isolates and reduced genetic variation of MAT1-2 relative to MAT1-1 isolates, all support the hypothesis of a recent introduction of MAT1-2 isolates into Tunisia.

Mating system of A. rabiei in Australia and California

The structure of A. rabiei populations in the US Pacific Northwest and Canada suggest that the fungus regularly recombines its genome in these locations.  Some populations in Tunisia contain both mating types but the fungus does not yet appear to be recombining. In contrast to both of these locations, the mating systems and population structures in certain other parts of the world are generally simpler.  The teleomorph of A. rabiei has not been recorded in several countries even though chickpeas have been intensively cultivated in these locations for hundreds of years.  Surveys of worldwide mating type distributions using conventional genetic pairings with mating type tester strains showed only one mating type in Cyprus and in Indian. Similarly, the population structure of A. rabiei in Australia was assumed to consist of a single mating type for many years.  Only one mating type of A. rabiei was initially identified in California USA (W.J. Kaiser and T.L. Peever, unpublished).  Populations such as those in Australia and California are particularly interesting from population genetic and epidemiological perspectives because the mating system may be in transition in these locations and we have the opportunity to observe this transition in real time.  Although only one mating type was reported from Australia initially, the sexual stage of the pathogen was recently reported in Western Australia indicating that introduction of the other mating type has occurred, at least in this region.  Similarly, only one mating type has ever been identified in California and the sexual stage has never been reported from this area.  Using the mating type-specific PCR marker we have recently detected the other mating type in one location in California (T.L. Peever and W. Chen, unpublished). Combining this marker with the microsatellite markers we have failed to detect any evidence for genetic recombination at this site.  This indicates that although both mating types are present, there has been no sexual reproduction and genetic recombination to date (T.L. Peever and W. Chen, unpublished).  Recent introductions of the complementary mating type into A. rabiei populations has enabled researchers to follow the transition in the mating system from asexual (conidia only) to sexual (ascospores and conidia) and also to monitor the impact of this mating system transition on the biology of the pathogen and the epidemiology of Ascochyta blight.

Summary, Conclusions and Outlook

Substantial progress has been made over the past several years in understanding the population biology of Ascochyta spp. infecting cools season food legumes.  Ascochyta spp. cause economically significant diseases on a number of cool season food legumes that are important sources of protein for many millions of people.  These diseases can be devastating under the appropriate environmental conditions.  Increased knowledge of the population biology and genetics of these pathogens and of the interactions with their hosts holds promise for more efficient and effective breeding of resistant plants and improved disease control strategies.  Unfortunately, the number of researchers actively engaged in scientific research with these pathosystems is extremely small so progress has been slow and inconsistent relative to many better-studied pathogens. These pathosystems are attractive for basic as well as applied population biology study because they have mixed reproductive modes with two different spore types dispersed in different ways, sexual states that can be induced in the laboratory enabling genetic analyses to be readily performed and are easy to culture and inoculate on their hosts.  The vast majority of population biology research (and research in general) has focused on A. rabiei and Ascochyta blight of chickpea.  Much less research has been performed with Ascochyta diseases of other cool season food legumes and it is currently unclear how much biological information from A. rabiei is directly transferable to other Ascochyta spp.  Comparative studies of several of these other pathosystems would greatly facilitate the development of disease management strategies across all these pathosystems.  In the future, it is hoped that many of the approaches pioneered in the A. rabiei/chickpea pathosystem will be applied to related pathosystems and one or more of these diseases will be developed as a model for necrotrophic plant-pathogen interactions.
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